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Using the EPR method, it was established that the main centers of negative charge accumulation are 
electroactive phosphor-oxygen ion radical PO, of the electron type. The majority of the considered phos¬ 
phate glasses are capable of accumulating such a charge. However, the most effective one among the alka¬ 
line-earth modifiers is magnesium. The results obtained make it possible to develop with a great degree of reli¬ 
ability the compositions and technology of inorganic glasses with a prescribed set of service properties. 


It is known [1,2] that protective glass coatings intended 
to reduce the ionization-radiation effect are installed on the 
surface of semiconductor photoelectric converters (PC) of 
the solar batteries on a spacecraft (SC). To ensure the maxi¬ 
mum efficiency in converting solar energy to electrical en¬ 
ergy, the radiation-shielding properties of the glass plates 
should be combined with high parameters of optical trans¬ 
parency and heat-reflecting properties. Furthermore, severe 
limitations of the weight parameters of the coatings encour¬ 
age the search for the optimum solutions, enabling one to di¬ 
minish the space radiation effect on the PC while preserving 
or, if possible, decreasing the coating thickness. 

Based on the recommendations given in [3, 4], the authors 
in [5] proposed using dielectric materials capable of accumu¬ 
lating a volume charge (VC) under electron irradiation, while 
orbiting in the Earth’s radiation belt, i.e., materials with 
radioelectret properties. In this way, one can implement a 
new approach to the improvement of coating properties, 
which is based on a combination of the traditional passive 
shielding method employing a certain material and the ac¬ 
tive-protection method, in which the electron-electric fields 
of the VC are used for deceleration and deviation. Such a 
possibility in principle follows from the results of the experi¬ 
mental studies in [6, 7], which established that the VC for¬ 
mation under irradiation in an accelerator generates intense 
internal fields in some high-ohm dielectrics, which are suffi¬ 
cient to exert additional deceleration and deviation of elec¬ 
tron beams in the dielectric layer. It was suggested that such 
a mechanism could be used to accomplish a significant in¬ 
crease in the service life of SC solar batteries orbiting the ra¬ 
diation belt of the Earth. 


Institute of Medicobiological Problems of the Russian Academy of Sci¬ 
ences, Moscow, Russia; Institute of Glass Joint-Stock Company, Moscow, 
Russia; D. V. Skobel’tsyn Research Institute of Nuclear Physics at Mos¬ 
cow State University, Moscow, Russia. 


Vitreous inorganic materials were developed to investi¬ 
gate the possibility of implementing this principle in radia¬ 
tion shielding of SC. Inorganic glasses are preferable to charg¬ 
ing polymer materials because of their higher heat resistance 
and hardness, as well as initial high optical transparency. 

The interaction of fast electron beams with samples of al¬ 
kali-free aluminophosphate glasses was studied in [7] for the 
purpose of establishing the effect of the physicochemical 
properties of inorganic glasses on their capacity for forming 
intense internal electric fields under electron irradiation in an 
accelerator. It was established that the VC electric fields aris¬ 
ing in the tested glass samples were sufficient for additional 
reflection and deceleration of electron beams. In this case, 
the field effect was not only observed during irradiation but 
persisted in some glass compositions after a long time lapse 
and was registered in repeated testing. The estimated inten¬ 
sity of electric fields reached 0.4 - 2.0 MV/cm, depending 
on the atomic number and the concentration of the modifier 
element contained in the glass [7, 8]. 

The studies in [8 - 10] researching the effect of improve¬ 
ment of radiation-shielding properties of alkali-free alumino¬ 
phosphate glasses after electron charging in an electron ac¬ 
celerator demonstrated that for relatively thin glass layers 
(when their thickness d did not exceed half of the electron 
ionization path 7?), the additional decrease in the absorbed 
dose rate caused by the field is not great. The most percepti¬ 
ble decrease in the dose rate P was registered beyond the 
glass samples of thickness 0.57? <d< 0.87?, and was equal to 
75 - 95% of the dose rate in the absence of electric fields. As 
the field intensity increases, the shielding effect of the 
charged dielectric layer becomes more perceptible and can 
decrease the absorbed dose to one-tenth. 

The testing of the shielding effect produced by volume 
radiation charging of glass coatings was also carried out on 
the surface of a returnable Earth satellite in containers for re- 
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TABLE 1 


Glass 



Molar content, %* 



Relative intensity of EPR signals 
of phosphor-oxygen radicals 

Relative change 
in intensity of doublet 

p 2 o 5 

La 2 0 3 

b 2 o 3 

A1 A 

MgO 

CaO 

center I 

center II 

center III 

ion radical P0 3 
after sample fracture 

1 

51.2 

9.2 

8.9 

6.1 

24.4 

— 

0.95 

1.05 

— 

0.74 

2 

54.8 

9.9 

9.5 

6.5 

- 

19.0 

1.00 

1.05 


0.80 

3 

60.0 

10.9 

10.4 

7.2 

- 

- 

1.15 

1.90 


0.84 

4 

50.0 

- 

5.0 

- 

45.0 

- 

0.69 

0.90 

0.50 

0.75 

5 

50.0 

- 

- 

5.0 

45.0 

- 

1.90 

1.23 


0.55 

6 

75.0 

- 

- 

25.0 

- 

- 

1.70 

0.65 

0.30 

0.50 

7 

70.0 

- 

- 

30.0 

- 

- 

0.90 

0.90 

LOO 

0.80 

8 

50.0 


- 

- 

- 

- 

1.00 

1.00 

1.00 

0.85 

9 

50.0 


- 

- 

50.0 

- 

1.70 

0.70 


0.98 

10 

64.8 

1.1 

10.1 

9.25 

14.7 

- 

1.26 

1.15 

0.40 

0.77 

11 

60.0 


3.0 

10.0 

12.0 

10.0 

1.40 

1.07 

- 

0.40 

12 

75.0 

25.0 

- 

- 

- 

- 

0.30 

2.35 

0.16 

0.88 


* Glass 3 contain 11.3% SrO, glass 8 contain 50.0% BaO, glass 11 contain 5.0% ZnO. 


search equipment [8], The attenuation of the space-radiation 
dose behind 0.5-mm-thick glass plates, which had been pre¬ 
viously charged on the Earth, was investigated. The volume 
charge in the glass plates was created by electron irradiation 
in a linear accelerator two weeks before installing the plates 
in the satellite. The electron beam energy was 0.9 MeV, and 
the average current density was 0.01 pA/cm 2 . 

The improved shielding properties acquired under these 
conditions were manifested in the fact that the dose rate be¬ 
hind the glass sample at the end of irradiation decreased to a 
persistent minimum value constituting 0.7 of the initial dose 
rate, which was equal to 20 cGr/sec. 

The experiment on the satellite surface established that 
thin phosphate glass plates precharged on the Earth (the glass 
thickness was similar to that of the protective coating on so¬ 
lar batteries) diminish the radiation absorbed dose at the orbit 
of the Kosmos satellite by a factor of 1.5 - 1.8, i.e., exhibit 
additional protective properties. 

The experiments in accelerators and satellites were per¬ 
formed on alkali-free aluminophosphate glasses with a high 
molar content of P 2 0 5 (51 - 70%) with a B 2 0 3 content of 
9 - 13% and an Al 0 O , content of 6 - 10%. Furthermore, the 
La,0 3 content varied within a wide range (from 0.5 to 14%), 
and alkaline-earth oxides (MgO, CaO, SrO, and BaO) were 
added in different quantities (from 1% to 25%). The opti¬ 
mum compositions of aluminophosphate glasses with respect 
to the values and stability of internal electric fields related to 
the accumulation of the volume charge were empirically de¬ 
termined in [7-10]. However, up to now the microscopic 
nature of the origin and accumulation of the VC in glasses, as 
well as the role of individual glass components in the charge 
accumulation efficiency, have not been sufficiently studied. 
The solution of the problem of effective shielding of space¬ 
craft battery cells is closely related to developing glass com¬ 
positions needed to make optical coatings for semiconductor 
PC for spacecraft solar batteries (RF Patent No. 2144718) [11]. 


The present paper attempts an analysis at the micro¬ 
scopic level of the origin and the conditions for the formation 
of electron-trapping centers in oxide glasses, whose compo¬ 
sitions varied within wide ranges, including glasses tested in 
authentic conditions of open space. 

The compositions of the investigated glasses are given 
in Table 1. 

Experimental glass samples were melted in 100-g corun¬ 
dum or quartz crucibles in a laboratory electric furnace with 
silite heaters in a neutral atmosphere. The melting tempera¬ 
ture was 1350- 1500°C with an exposure duration of 
0.5 - 2 h. The melted glass was cast onto a preheated metal 
substrate. The annealing temperature was 520 - 570°C. The 
glass samples were machine-treated: ground and polished to 
the required dimensions. 

The studies in [12, 13] using the electron paramagnetic 
resonance (EPR) effect demonstrated that radicals PC) 2 and 

PC) 2 formed under the effect of electron or y-radiation can 

act as electron trapping centers in phosphate glasses. The 
present study considered the EPR spectra in glass samples ir¬ 
radiated with electrons in an accelerator (electron energy 
1 MeV, current density 0.01 pA/cm 2 , exposure 10 min), with 
the aim of finding out whether the known ion radicals are 
centers for the accumulation of excessive volume charge. 

First, the EPR spectra were measured in electron-irradi¬ 
ated (charged) monolithic samples with a known weight 
(from 0.09 to 0.17 g). Next, the samples were fractured by 
mechanical impact into several smaller fragments. It was as¬ 
sumed that mechanical destruction of the charged samples 
would cause discharging of excessive VC, similar to the phe¬ 
nomenon described, for example, in [14], It should be noted 
that the obtained fragments were not small enough to lead to 
the formation of paramagnetic centers caused by breaking of 
chemical bonds. Next, the EPR spectra were recorded under 
the same instrumental parameters as the EPR spectra of the 
respective monolithic samples. 



Vitreous Radioelectrets: Materials for Shielding Spacecraft Against Radiation 


211 


The EPR were measured with a modified RE-1306 
radiospectrometer of 3-cm range at room temperature and at 
the temperature of liquid nitrogen. 

ERP spectra in y- and electron-irradiated phosphate 
glasses. The formation of phosphor-acid ion radicals under 
the effect of y-irradiation was discussed in numerous papers, 
starting with [15], in which the EPR method was used for 
these studies. Phosphate glasses are known to have the EPR 
spectra of different phosphor-acid ion radicals containing 
one or several phosphor atoms. The radicals with one phos¬ 
phor atom exhibit doublet splitting caused by superfine inter¬ 
action of the non-coupled electron with the magnet nucleus 
31 P having spin 7= 1/2. At present, six types of doublets are 
known for phosphate glasses, which are characterized by dif¬ 
ferent types of splitting. Three of these types were registered 
in the glasses considered. 

The ion radical P0 3 ~ (center I) is usually considered as a 

hole captured by the non-bridge oxygen ion; its superfine 
structure (SFS) constant is equal to 35 - 45 Oe. With an in¬ 
creasing number of non-bridge oxygen atoms in the phos¬ 
phor-oxygen tetrahedron, an increase is observed in the in¬ 
tensity of the EPR signal [15]. 

The ion radical PC) 3 correlates with two types of cen¬ 
ters, which are characterized, respectively, by SFS constants 
of about 750 - 950 Oe (center II) and about 1200 - 1300 Oe 
(center III). This is a four-atom radical, in which the uncou¬ 
pled electron is localized on the central phosphor atom. Both 
centers have a similar nature, but they are formed on differ¬ 
ent structural elements of phosphate glasses. 

It is demonstrated in [16] that the introduction of Ce 3+ 
additive to phosphate glasses does not alter the intensity of 
the P0 3 ~ signals, which shows that these radicals are formed 

as a consequence of electron capture by phosphor. It is as¬ 
sumed that center II in radical PC) 3 is an electron trapped in 

the vacancy of the non-bridge oxygen atom. Starodubtsev et 
al. [13] regard center II as an electroactive center of the va¬ 
cancy type. 

Figure 1 shows the EPR spectrum of monolithic glass 7 
irradiated with electrons. The spectrum contains three types 
of doublets generated by phosphor-oxygen radicals. The 
peak intensity of one of the lines in each doublet in the spec¬ 
trum of sample 7 was taken as the measurement unit. Since 
the shape and the width of lines in each doublet virtually did 
not vary from one glass sample to another of the same che¬ 
mical composition, their relative peak intensity can be the 
measure of variation in the concentration of a certain type of 
radical from one sample to another. Furthermore, the relative 
peak intensity was scaled to the sample weight unit. It should 
be stressed that a specific peak intensity unit was selected for 
each doublet (it is seen in Fig. 1 that they are different). 

It follows from Table 1 that center I is found in all 
glasses. Center I is related to the optical absorption band with 
the maximum at 560 nm, which is responsible for the crim¬ 
son color of the samples. According to the data in [13], the 
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Fig. 1 . EPR spectrum of glass 7 illustrating doublet signals I, II, and 
III for three typical phosphor-oxygen radicals, whose parameters are 
given in Table 1. 


intensity of signal I for y-irradiated glasses increases with an 
increasing number of non-bridge oxygen atoms. The same 
regularity is observed in electron irradiation. Thus, the high¬ 
est intensity of signal I among all considered glasses is ob¬ 
served in glasses of the metaphosphate composition (4, 5, 8, 
and 9). It is established in [12] that the intensity of signal I 
increases under an equimolar replacement of a cation with 
lower electronegativity with a cation with higher electro¬ 
negativity. A growth in the intensity of this signal from mag¬ 
nesium toward barium, i.e., with increasing electronegativity 
of the alkaline-earth element, was observed in the considered 
electron-irradiated glasses, and the intensity of signal I in all 
samples containing over 50% P 2 0 5 was lower than in meta¬ 
phosphate glasses, especially in the case of glass 12. 

Center III, according to the data in [15], is localized in 
the branching points of the phosphate chains, and its EPR 
spectrum under y-irradiation is observed only in ultraphos¬ 
phate glasses (i.e., with the molar content of P 2 0 5 over 50%). 
This spectrum is also observed in the case of electron irradia¬ 
tion (samples 6 and 7). Flowever, whereas the specified sig¬ 
nal has high intensity in lanthanum-bearing y-irradiated 
glasses [15], after electron irradiation the signal is very weak 
(sample 12) or is not observed at all (sample 1 - 3). It should 
be noted that doublet IV was identified in the spectrum of 
glass 12. Such results can be expected based on the data for 
highly polymerized y-irradiated glasses. 

As for the behavior of the ion radical PC) 3 (center II), 
the intensity of the signal from center II in gamma-irradiated 
phosphate glasses correlates with the intensity of doublet I 
[15]. Under electron irradiation, these signals change in the 
opposite direction. It should be noted that this result is not 
unexpected, as it had been shown in [17] that the formation 
of hole centers under electron irradiation impedes the accu¬ 
mulation of electrons in electron traps, which leads to the 
formation of center I. Thus, whereas the behavior of radical I 
in electron-irradiated phosphate glasses is similar to its be¬ 
havior under y-irradiation, the behavior of center II and 
partly of center III differs significantly. Starodubtsev et al. 
[12, 13] relate the VC accumulation in phosphate glasses 
precisely to center II. 
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Fig. 2. EPR spectra of glass 2: 7) in a monolithic glass sample; 
2 ) after mechanical fracture of the sample. 


The study in [13] additionally investigated phosphate 
glasses subjected to long-term storage after irradiation with 
electrons having an energy of 1.2 MeV, as well as samples ir¬ 
radiated with electrons with an energy of 150 keV in the 
sample pulse mode as in [12], with specially selected temper¬ 
atures, which makes it possible to satisfy the conditions un¬ 
der which only center II is formed. Thermally stimulated 
electron emission was studied, and it was demonstrated that 
the most intense emission related to the liberation of elec¬ 
trons from traps coincides with the thermal stability bound¬ 
ary of centers II and with the region of the highest decline 
rate of the electric field. As a result, it was concluded that 
centers II, which are tail-type PO? radicals, are the centers 
of electron accumulation. 

EPR spectra in phosphate glasses irradiated by high- 
energy electrons after mechanical destruction of glass. 

Figure 2 shows the EPR spectra of glass 2 before and after 
fracture. The spectrum of this sample after electron irradia¬ 
tion contains two doublets of centers I and 11. It can be seen 
that spectrum I (Fig. 2, central part) is not changed after the 
sample fracture (the two doublets from the two samples 
merge into one), whereas the intensity of both components of 
doublet II decreases by 20 - 25%. Table 1 indicates the coef¬ 
ficients constituting the ratio of doublet II intensity after the 
sample destruction to the intensity before the fracture. As can 
be seen in the data of Table 1, these parameters in most phos¬ 
phate glasses amount to 0.85 + 0.05, which correlates with a 
15 - 20% decrease in intensity. The exceptions are glasses 4, 
5, and 9, in which this value reaches 50 - 60%, i.e., under 
mechanical destruction of samples, the electron centers of 
type II lose about 50% of their electrons. At the same time, 
the electrons in sample 8 are virtually not lost in the fracture. 

Analyzing the composition of samples with the highest 
electron loss, one can see that the molar content of MgO in 
them is 45 - 50%. Furthermore, the relative variation in the 
doublet intensity in samples 1, 10, and 11 indicates that the 
electron loss in them under glass fracture constitutes 
23 - 26%. The MgO content in them is 12 - 25% (Table 1). 

Mechanism of electric charge accumulation in phos¬ 
phate glasses. Under mechanical destruction of glass, the 


number of electron-type radicals PO?~ (center II) decreases. 
Based on this fact, as well as on published data [12, 13, 17], 
it can be inferred that the electrons traps responsible for the 
formation of these radicals under ionization radiation are 
also the centers for capture and accumulation of the exces¬ 
sive volume charge under irradiation of glass with electrons. 
Contributions to this center are made by both the radicals 
formed in the capture of secondary ions related to ionizing 
radiation and the electrons injected in the course of electron 
irradiation. 

It should be noted that most phosphate glasses appear to 
be able to accumulate electric charge, since they contain 
electrically active centers capable of capturing electrons. A 
more significant feature is their capacity not only for capture 
but also for long-term storage of electrons. The most effec¬ 
tive in this respect are magnesium-containing glasses that 
lose up to 50% of electrons from traps under a mechanical 
impact against glass, whereas other glasses lose on the aver¬ 
age less than 20%. The studies in [7, 8] include calculations 
of the intensity of the electric field of VC typical of various 
glasses ( E , MV • cm “ 1 ), as well as accumulated energy den¬ 
sity (W, J • cm' 3 ), Thus, for glass 10, E= 2.1 and W= 0.75, 
whereas for glass 3, E = 0.96 and W= 0.25. A comparison 
with the data in Table 1 indicates that E and W are higher in 
glass 10, which exhibits a greater decrease in the EPR signal 
of center II under destruction. Moreover, as shown in [7], 
which describes the results of an experimental study of the 
electrophysical properties of alkaline-free aluminophosphate 
glasses interacting with electron beams, under the equi- 
weight replacement MgO —» CaO —> SrO, the specific resis¬ 
tance in glasses 1-3 decreases to one-third, and the dielec¬ 
tric constant increases 1.25 times. Both factors play an im¬ 
portant role in the accumulation of the volume charge. It fol¬ 
lows from the data in Table 1 that the doublet intensity in¬ 
creases in the same direction. At the same time, sample 8, in 
which center II after the glass fracture is changed least of all, 
contains only BaO as a modifier. 

The study in [15], which also registered a decrease in 
electric charge accumulation in aluminophosphate glasses di¬ 
rected from magnesium to barium, attributes this effect to the 
fact that the Ba-0 bond is stronger than the Mg-0 bond, due 
to the greater difference in electronegativity of the elements 
in the first case, which contributes to a more intense transfer 
of electron density from the modifier to phosphor and re¬ 
duces its capacity for electron trapping. 

This concept also agrees with the modification of the 
composition at the expense of other elements. Thus, a re¬ 
placement of 50% magnesium (electronegativity %= 1.23) 
with 50% barium (x = 0.97) leads to a significant increase in 
the doublet intensity (from 0.40 to 0.98 in glasses 8 and 9, 
Table 1). A replacement of 5% magnesium with aluminum 
(X = 1.5) or boron (x = 2) also causes an increase in the dou¬ 
blet intensity up to 0.50 and 0.55, respectively. 

Thus, using the EPR effect, it was established that the 
main centers of negative charge accumulation are electro- 
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active phosphor-oxygen ion radicals PO? of the electron 
type. The majority of the considered phosphate glasses are 
capable of electric charge accumulation. However, magne¬ 
sium is the most effective of all alkaline-earth modifiers. The 
results obtained make it possible to design with a great de¬ 
gree of accuracy compositions and production technologies 
of inorganic glasses with a prescribed set of service properties. 

The study was carried out with the support of the Russian 
Fundamental Research Fund, project No. 99 - 02-16442a. 
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